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ABSTRACT
The standard cosmological paradigm currently lacks a detailed account of physics in
the dark sector, the dark matter and energy that dominate cosmic evolution. In this
paper, we consider the distinguishing factors between three alternative models - warm
dark matter, quintessence and coupled dark matter-energy - and ΛCDM through nu-
merical simulations of cosmological structure formation. Key halo statistics - halo
spin/velocity alignment between large-scale structure and neighboring haloes, halo
formation time and migration - were compared across cosmologies within the redshift
range 0≤z≤2.98. We found the alignment of halo motion and spin to large-scale struc-
tures and neighbouring haloes to be similar in all cosmologies for a range of redshifts.
The search was extended to low density regions, avoiding non-linear disturbances of
halo spins, yet very similar alignment trends were found between cosmologies which
are difficult to characterize and use as a probe of cosmology. We found haloes in
quintessence cosmologies form earlier than their ΛCDM counterparts. Relating this
to the fact that such haloes originate in high density regions, such findings could
hold clues to distinguishing factors for the quintessence cosmology from the standard
model. Although in general, halo statistics are not an accurate probe of the dark sector
physics.
Key words: dark energy - dark matter - large-scale structure of Universe - Cosmol-
ogy:observations -Cosmology:theory.
1 INTRODUCTION
The standard model of cosmology (ΛCDM) is dominated by
the dark sector: a Cosmological Constant, Λ, also known as
Dark Energy (DE), is considered to be a negative pressure
vacuum energy responsible for the late-time accelerated ex-
pansion of the Universe. Additionally, the gravitational dom-
inance of Cold Dark Matter (CDM) accounts for the small-
scale clustering of baryonic matter. As the most successful
cosmological model, ΛCDM is well supported by large-scale
observations in the anisotropies of the Cosmic Microwave
Background (CMB; Bennett et al. 2013; Planck Collabora-
tion et al. 2014, 2016), features in the large-scale structure of
the universe (LSS; Abazajian et al. 2009), Baryonic Acous-
tic Oscillations (Beutler et al. 2011) and weak lensing (Kil-
binger et al. 2013). Our understanding of galaxy clustering
and structure formation has led us to rule out Hot Dark Mat-
ter (in the form of massive neutrinos) as a candidate (White
et al. 1983), and CDM has well-motivated candidates from
? E-mail: ajib0457@uni.sydney.edu.au (AWJ)
particle physics over more energetic dark matter candidates
(Bertone et al. 2005; Petraki & Volkas 2013). Additionally,
DE is well supported in the form of a cosmological constant
with an equation of state w = ρ/p ∼ -1 (Suzuki et al. 2012;
Chuang et al. 2016).
Despite its predictive success, ΛCDM suffers from ob-
servational discrepancies and conceptual shortfalls regarding
the dark sector physics. Underlying issues within ΛCDM
have motivated non-standard cosmological models, includ-
ing Warm Dark Matter models (ΛWDM), which attempts
to alleviate the Missing-Satellite problem (whereby ΛCDM
produces too many satellites around central galaxies (Klypin
et al. 1999; Moore et al. 1999)). Although it has been pro-
posed that this may not be an issue of ΛCDM, but instead
the result of limitations manifest within dark matter only
simulations (Wetzel et al. 2016), such as their lack of feed-
back processes (e.g Bullock et al. 2000) in turn causing sup-
pression of gas accretion for low-mass haloes. Observations
also show that Milky Way satellites exhibit a dynamically
stable planar distribution, known as the Vast Polar Struc-
ture (e.g Pawlowski et al. 2012), which is also found for
© 2019 The Authors
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Andromeda (M31) satellites (Ibata et al. 2013) but are not
predicted by ΛCDM simulations nor are they accounted for
in ΛWDM. Quintessence models (φCDM) alleviate the fine-
tuning problem of the initial value for vacuum energy density
by substituting the cosmological constant with a scalar field
(Tsujikawa 2013). There are also conceptual problems with
ΛCDM such as the coincidence problem which states the
energy-density of DM and DE are coincidentally similar at
present day. This is unlikely given their independence, thus
there may be some inter-dependence within the dark sec-
tor that alleviates the otherwise unlikely coincidence. These
conceptual shortcomings motivated coupled dark sector cos-
mology (CDE); see Bull et al. (2016) for a comprehensive
review on ΛCDM shortfalls.
Non-standard cosmologies do well to reproduce the pre-
dictions made by ΛCDM whilst relieving its observational
tensions aforementioned. This does not suggest the non-
standard cosmologies will not vary on LSS and sub-LSS
scales such as halo spin. The manner in which haloes acquire
their initial spin can be described by the Tidal Torque The-
ory (TTT): haloes are spun-up through interactions with the
tidal field, which has a significant influence on the halo be-
fore turn-around (Hoyle et al. 1949; Peebles 1969; Zel’dovich
1970). It is argued that since the tidal field is the mani-
festation of the cosmological environment, and this field is
predominantly responsible for the acquisition of initial halo
spins, then the signatures of cosmology should be imprinted
on the spins of galaxies (Lee & Pen 2000). However, denser
filaments for instance, are not only governed by their under-
lying cosmology but by complex baryonic physics and cou-
pling due to non-linear evolution which could mask or pos-
sibly erase any cosmological signatures in-printed on haloes
therein. Haloes within voids, being less prone to such com-
plex physics, could be useful probes however, we found that
they do not constitute a large enough sample population for
statistical measurements.
Observed evidence of halo spin alignments with their
LSS reaffirms the utility of spin-alignment as a cosmolog-
ical probe. Pen et al. (2000) shows tentative alignment in
spirals. Lee & Erdogdu (2007) demonstrates that galaxies
in the Tully catalog are weakly orthogonal with their envi-
ronment, stating an average correlation parameter (c) value
of c = 0.084 ± 0.014 (where c > 0 represents an orthogonal
alignment) to their LSS with 99.99% confidence that the null
hypothesis of no spin-shear correlation is rejected. Galaxies
observed as part of the Sloan Digital Sky Survey (SDSS)
were also found to have non-random spin alignments, some
of which are oriented perpendicular to their host filament
(Jones et al. 2010).
Additional simulation studies also detect significant
halo spin alignments and use them to probe LSS: Fal-
tenbacher et al. (2002); Arago´n-Calvo et al. (2007); Hahn
et al. (2007). Zhang et al. (2009) find clear correlation sig-
nals between LSS axes and halo spins, which can be linked
to the formation of LSS and its influence on the spin and
shapes of haloes. It was found that filaments are growing in
width over time, where parallel spin alignment to filaments
was found to be stronger at small smoothing scales and high
redshift, and weaker at low redshift (Trowland et al. 2013).
This demonstrates that spin alignment is sensitive to LSS
evolution, which may vary within alternative cosmologies.
Furthermore, spin alignment is a good tracer of merger his-
tory: Welker et al. (2014) find the more mergers a halo has
undergone, the more orthogonal is its spin with respect to its
host filament. Wang & Kang (2017) show that haloes spin
alignment is largely dependent on halo formation time: if
haloes form prior to entering filaments, they are less suscep-
tible to spin swings thus their spin remains parallel aligned,
whereas haloes that accrete significant mass upon entering
filaments become orthogonally aligned. The above consti-
tutes good evidence that spin alignment is an effective tracer
of halo/LSS evolution, if distinct between cosmologies, could
serve as a useful probe.
Simulation-based investigations beyond spin-alignment
have also proven useful in drawing distinctions between
ΛCDM and alternative models: Carlesi et al. (2014a) finds,
using hydrodynamical simulations, that a self-interacting
quintessence model provides a higher concentration of haloes
within the LSS as compared to their fiducial ΛCDM and
other cosmologies compared. Carlesi et al. (2014b) find a
weak coupling between the spin, triaxiality and virialisa-
tion and the cosmology dark sector types. Although Elahi
et al. (2015) shows little to no difference between ΛCDM
and the coupled cosmologies judging by the lack of system-
atic differences between spin parameter and satellite align-
ment distributions across cosmologies. Smith & Markovic
(2011) find that WDM model suppresses the halo mass func-
tion by 50% for masses 100 times the free-streaming mass
scale. Recently it was found there are higher cluster abun-
dances and lower void abundances within the φCDM with
respect to ΛCDM (Watts et al. 2017). Moreover, differences
were found between the densities of voids for each cosmol-
ogy, being emptiest in φCDM and densest within ΛCDM
(Adermann et al. 2018). They also suggest there is a po-
tentially observable difference between the volume distribu-
tion of voids between ΛCDM and CDE at low redshift. The
differences in void/cluster statistics suggests distinct evolu-
tionary paths are taken for non-standard cosmologies which
may have a knock-on effect on spin-alignment evolution.
We aim to probe non-standard cosmologies using halo
spin-LSS alignments and other halo statistics in order to
reveal any cosmological signatures which may manifest as
a result of the differing dark sector physics. This paper is
structured as follows: Section 2 will detail the non-standard
cosmologies considered within this investigation. Section 3
explains the methodology of LSS classification, the produc-
tion of halo catalogues and alignment statistics. Then follows
Section 4 which elucidates the main findings of the investi-
gation before a discussion of the results in Section 5 and
conclusion in Section 6.
2 NON-STANDARD COSMOLOGICAL
MODELS
We investigate three dark matter only simulations (labelled
with subscript DM) including an uncoupled Quintessence
model φCDMDM and a Warm Dark Matter ΛWDMDM
model with fiducial model ΛCDMDM. We also ana-
lyze a hydrodynamical simulation suite (with subscript
DM+Gas) which includes three cosmologies: an uncou-
pled Quintessence model φCDMDM+Gas and two coupled
models CDE50DM+Gas and CDE99DM+Gas with fiducial
ΛCDMDM+Gas.
MNRAS 000, 1–15 (2019)
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Figure 1. Cylindrical cut-out of the ΛCDMDM simulation where classified LSS are color-coded: red regions indicate clusters, yellow
indicates filaments, and blue indicates voids. Sheets have been omitted for clarity, but occupy the white space in between the other LSS.
Grey lines represent filament axes e3 (tidal field direction). The Hessian Method allows the demarcation of the four main LSS types for
the entire simulation volume. Also, it accurately traces the filament direction between clusters.
2.1 Uncoupled Quintessence (φCDM)
The general form of the Lagrangian which describes the
scalar field of φCDM model is represented by L:
L =
∫
d4x
√−g ( − 1
2
∂µ∂
µφ + V(φ) + m(φ)ψmψ¯m
)
, (1)
including a kinetic term, potential term V(φ) and an inter-
action term (ψm) with dark matter.
The φCDMDM/φCDMDM+Gas model includes no di-
rect interaction between dark matter and the quintessence
field, thus m(φ) = m0. But Λ is replaced with a time-
dependent, evolving scalar field φ (in units of Planck mass)
whereby regions of the Universe have the opportunity to ex-
pand independently, thus alleviating the cosmological con-
stant problem (Joyce et al. 2015). As for the potential term
V(φ), this cosmology uses the Ratra-Peebles Potential (Ratra
& Peebles 1988),
V(φ) = V0φ−α, (2)
where V0 and α are observationally fitted constants. This
potential term is a contrived field potential, thus at late
times the quintessence field dominates the energy budget of
the universe, at early times it ”tracks” the energy density
of matter and radiation akin to observations (Joyce et al.
2015).
2.2 Coupled Dark Energy (CDE)
We also investigate two coupled dark sector cosmologies,
whereby the DM decay resolves the coincidence problem of
ΛCDM. The interaction is executed via a non-zero interac-
tion term m(φ) = m0e−β(φ)φ. We consider two coupled cos-
mologies which can be distinguished by their coupling terms
of β(φ) = β0 = 0.05 (CDE50DM+Gas) and β(φ) = β0 = 0.099
(CDE99DM+Gas). β(φ) are chosen to test the boundaries
of allowed coupling with an effort to maximize any obser-
vational differences between the fiducial (Pettorino et al.
2012). Coupling allows for DM particles to decay into the
DE scalar field φ resulting in an additional frictional force
felt by the DM particles. This extra force ultimately effects
the evolution of the density perturbation amplitude for DM,
which in turn alters the baryon fraction within cluster-sized
haloes (Baldi et al. 2010).
2.3 Warm Dark Matter (ΛWDM)
ΛCDM is extremely successful on large scales, thus WDM
aims to merely modify the ΛCDM model in a effort
to dampen the small-scale structure of the Universe.
ΛWDMDM features dark matter particles which move at
relativistic velocities, increasing the length of the free-
streaming of particles, which smooths out over-densities and
suppresses structure formation at scales smaller than the co-
moving scale (Bode et al. 2001). The free-streaming limit of
the WDM particle has been confined via observations of the
Lyman-alpha forest, to a lower limit mass mWDM ' 3.3keV
(Viel et al. 2013). Despite this lower limit, the mass we as-
sign to our WDM model has particle energy mWDM= 2keV,
to exaggerate the cosmological effects. By multiplying the
initial power spectrum by a transfer function, we truncate
structure formation at the scale of 0.15 h−1 Mpc (Bode et al.
2001).
3 METHODOLOGY
3.1 Cosmological Simulations
Before presenting our simulations, it is important to high-
light the flexibility one has in the initial conditions when
modelling non-standard cosmological models. Different cos-
mological observations constrain different parameters, for
example the CMB constrains the amplitude of the matter
power spectrum, and supernovae measure the expansion rate
over cosmic time at moderately low redshift. In addition, ob-
servational data must be interpreted within the context of a
model, which may be poorly constrained if only one dataset
is used. Given this, cosmological parameters shared between
models, such as the matter power spectrum normalization
MNRAS 000, 1–15 (2019)
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parameter σ8 at z=0, may be well constrained within the
context of ΛCDM but not in an alternative model. This al-
lows some flexibility in setting cosmological parameters for
the non-standard cosmologies outlined in Section 2.
For example, Baldi (2012) studied some coupled models
and allocated shared cosmological parameters based on es-
timates derived from CMB observations (z ≈ 1100) through
a ΛCDM lens. Another option, which we have opted for and
was used by Carlesi et al. (2014a), is one in which we use
matter density parameters based on Planck CMB measure-
ments constrained at z = 0 in a ΛCDM model and normal-
ize each cosmology such that the amplitude σ8(z = 0) is the
same. Both approaches are valid. The flexibility means that
differences seen in comparing different cosmologies may arise
from different cosmological parameters rather than those
arising from differences in physics.
Following the methodology of Elahi et al. (2015), we
use the dark-gadget N-body code to generate our cosmo-
logical simulations. dark-gadget is a modified version of
p-gadget-2 (which is also a modified version of gadget-2
see Springel (2005); Carlesi et al. (2014a)), the key modifica-
tion being the inclusion of a separate gravity tree to account
for additional long-range forces and an evolving DM-particle
mass to allow for decay. All simulations are initiated from
z=100 with the same phases in their density perturbations,
resulting in under-dense and over-dense regions in similar
locations. This was done to eliminate random discrepancies
when comparisons are made between cosmologies, thus any
differences found between cosmologies are attributed to the
differing amplitudes and dark sector physics.
Initial conditions are produced using a uniform Carte-
sian grid along with the first-order Zel’dovich approximation
using an altered version of the publicly available n-genic
code. For non-standard cosmologies, the code requires full
evolution of the scalar field φ, the mass of DM-particles and
the expansion history. In order to calculate the evolving lin-
ear power spectrum of the non-standard cosmologies along
with the growth rate f ≡ d ln D(a)/d ln a, the publicly avail-
able cmbeasy (Doran et al. 2005) is used, a Boltzmann code
used to solve first-order Newtonian perturbation equations.
The growth factors and expansion history calculated by cm-
beasy are used to solve the particle displacements in the
non-standard cosmologies.
All cosmologies have z = 0 parameters values of
(h,Ωm,Ωb,σ8)=(0.67, 0.3175, 0.049, 0.83), consistent with
ΛCDM Planck data (Planck Collaboration et al. 2014, 2016).
All cosmologies feature a 500h−1Mpc sized box with 5123
particles (2 × 5123 for DM+Gas simulations), where the
particles (at z=0 for all cosmologies) have masses mDM =
8.2× 1010h−1M and mDM (mgas) = 6.9(1.3) × 1010h−1M for
DM and DM+Gas suites, respectively. We ran simulations
from z=100, producing 10 snapshots from 0≤z≤10. We look
at 7 snapshots, beginning at z=2.98. We have limited our
investigation to 0≤z≤2.98 as before this redshift there are
not enough haloes to give robust statistics.
3.2 Large-Scale Structure Classification
We classify the LSS for each cosmological simulation, at
each snapshot taken from 0≤z≤2.98. We use the particle
positions and masses acquired from snapshots to generate
a density field. We utilize the Delaunay Tessellation Field
LSS Type λ1 λ2 λ3
Cluster < 0 < 0 < 0
Filament < 0 < 0 > 0
Sheet < 0 > 0 > 0
Void > 0 > 0 > 0
Table 1. The Hessian Method is used to generate eigenpairs
which comprise this classification scheme. The LSS are classi-
fied depending on the combination of eigenvalues (λ1, λ2 and λ3).
The LSS axes are represented by the last collapse direction (the
eigenvector e3) regardless of the LSS type.
Estimator (DTFE) in order to generate a fine-tuned density
field. DTFE is an open source, C++ code (Schaap & van
de Weygaert 2000; van de Weygaert & Schaap 2009; Cau-
tun & van de Weygaert 2011). It is an adaptive method of
density interpolation, in that it seeks out over-densities at
the maximum possible resolution. It functions as follows:
1. DTFE creates Delaunay tetrahedra using the particle
distribution.
2. Then, Voronoi cells are created from the tetrahedra,
in which the density is then interpolated as a continuous
field by using the volume of the cell along with the mass of
each particle at its vertices.
Although the simplest method of generating a density
field is by binning the positions of particles within a three-
dimensional grid, this method leads to unphysical disconti-
nuities and shot noise at high resolution, which DTFE alle-
viates. We use the 3-dimensional density field ρ(x) produced
from DTFE to form the Hessian matrix,
H αβ =

∂2ρ(x )
∂x2x
∂2ρ(x )
∂xy∂xx
∂2ρ(x )
∂xz∂xx
∂2ρ(x )
∂xx∂xy
∂2ρ(x )
∂x2y
∂2ρ(x )
∂xz∂xy
∂2ρ(x )
∂xx∂xz
∂2ρ(x )
∂xy∂xz
∂2ρ(x )
∂x2z

(3)
whereby α, β = x, y, z. It is a second-order partial derivative
of ρ(x) for each of the nine unique directions (although only
six elements are unique due to directional symmetries). This
matrix encapsulates the local curvature for each voxel in
ρ(x) and allows us to characterise the LSS by its eigen-pairs
(as demonstrated in Arago´n-Calvo et al. (2007); Hahn et al.
(2007)). Prior to forming the Hessian matrix, smoothing the
density field is paramount to produce a field that probes
density gradients on appropriate scales. We convolve the raw
density field ρ(x) with a 3-dimensional Gaussian distribution
kernel Gs,
Gs =
1
(2piσ2s )3/2
e
(
− (x2+y2+z2)
2σ2s
)
(4)
for multiple smoothing scale widths (σs=2,3.5 and 5 Mpc/h)
as increasing the smoothing scale allows us to investigate
the alignment of halo spin with structure at different scales.
Trowland et al. (2013) demonstrated the utility of multiple
smoothing scales by tracking the evolution of alignments
across multiple smoothing scales and discovered evidence
of filament thickening over time. We calculate the Hessian
matrix in k-space and Fourier transform to determine H αβ
for each voxel in the simulation volume.
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Each voxel is characterised as a cluster, filament, wall
or void based on the ordered eigenvalue as per table 1, with
direction of last collapse defined by e3, which will be used to
represent the axes of all LSS. Many works have studied the
alignment of halo spin with LSS, finding it is not exclusive
to filamentary structure, but is also seen within sheets and
clusters, where there is a general alignment between halo
spin and the e3 (initial intermediate tidal tensor) axes, also
known as the axes of slowest collapse (e.g. Libeskind et al.
2012; Dubois et al. 2014; Aragon-Calvo & Yang 2014; Kang
& Wang 2015; Wang & Kang 2017; Ganeshaiah Veena et al.
2018). Furthermore, Bond et al. (1996); Codis et al. (2012);
Pichon et al. (2016) state that the spin evolution of haloes
are part in parcel of the pancaking effect whereby the fastest
collapsing axis e1 causes mergers and accretion along this
axis and explains the alignments found.
With knowledge of the LSS type and direction of each
voxel within our simulations, we are able to classify each
structure, as seen in Figure 1. This figure shows a cylindrical
sample cut-out of an arbitrary snapshot. Clusters are repre-
sented as red blobs, filaments by the yellow iso-surface and
voids as blue blobs. Sheets have been omitted from the visu-
alization for clarity, but would occupy the volumes between
the mentioned LSS. This cut-out centres around a filament
which is strung by a few clusters and surrounded by sheets
and voids. The small grey lines delineate the filament axes
(e3). We can see they align with the length of the yellow
filament, pointing towards the clusters where the bulk flow
of matter is directed.
3.3 Halo catalogues
The very same particles which formed the density field from
each snapshot are used for VELOCIraptor (A.K.A STruc-
ture Finder), a dark matter halo classifier (Elahi et al. 2011,
2019a). VELOCIraptor is a sub(halo) finder which works
in a two-step process:
1. Haloes are first identified using a three-dimensional
Friends-of-Friends (3DFoF) algorithm pruned for any artifi-
cial particle bridges using a 6DFoF and the velocity disper-
sion of the FoF group.
2. Then substructure is found by inspecting the dynam-
ics, such as velocity distribution of particles and their dis-
tinctness with the halo environment. The substructure is
linked via a phase-space FoF algorithm. VELOCIraptor
also generates the spins of the catalog haloes. The spin of
each halo is calculated by including all the associated parti-
cles (N) for each halo,
J =
N∑
i=0
ri × (mivi) (5)
where ri,mi and vi are the particle radius from halo centre,
mass and velocity, respectively. We filter out haloes with
≤100 particles as the spin measurements are unreliable be-
low this particle quantity threshold. This limits our low mass
haloes to beyond the parallel alignment mass range (typi-
cally of the order 1012 M), thus we are unable to detect
parallel alignment.
We construct a halo merger-tree to track haloes and
identify their progenitors through simulation snapshots. We
implement treefrog, a code which is part of the VE-
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Figure 2. Three arbitrary 500 × 200 × 40 h−1Mpc slices of haloes
and coinciding filament axes. Top panel: halo velocity vectors at
halo positions. Middle panel: halo spin vectors. Bottom panel:
filament axes at halo positions. We measure alignments by taking
the dot product between halo vectors (spin and velocity) and the
filament axes which coincide with halo positions.
LOCIraptor package as per Elahi et al. (2019b). treefrog
works by tracking particles through the simulation snapshots
and identifies optimal halo links via the merit function,
NAiB j =
N2
Ai∩B j
NAiNB j
(6)
where NAi∩B j is the number of shared particles between cat-
alog objects and NAi and NB j are the total number of par-
ticles for each corresponding object within the catalogues.
Catalogues A and B are cross-matched by finding each ob-
ject within catalog A and each object within catalog B which
maximizes the merit NAiB j . We link our haloes across cat-
alogues by choosing the candidate haloes which present the
largest merit (following the main branch of the merger tree)
value across every successive catalog between 0≤z≤2.98 as
this is generally a robust method for identifying matches.
There are other methods, see Li et al. (2008) for examples.
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Figure 3. An example of a normalized dot product distribution
wrt to filaments (black solid line) fitted with the PDF model
(Equation 8) resulting in a c = 0.23 ± 0.02 which is represented
by the red solid line. The red dotted lines show the 1σ models.
We find a skew towards lower values of |cos θs−3| indicating an
orthogonal alignment, where a random distribution of alignments
is represented by the flat dotted line.
3.4 Alignment Statistics
Figure 2 displays a 40h−1Mpc slice of a simulation sample
where we have filtered out haloes which reside within fil-
aments, using the eigenvalue criteria for a filament within
Table 1. The velocities of haloes (top panel), spins of the
same haloes (middle panel) with coinciding filament axes
(bottom panel) can be aligned. In order to calculate align-
ment between halo spin and filament axes we take the dot
product of the unit spin vector J with the filament axes unit
vector e3:
cos θs−3 =
J · e3|J| . (7)
Since all we require is the alignment, the absolute value of
the dot product is taken which leaves us with the alignment
θ:[0°, 90°], although alignment is typically represented with
cos θ : [0, 1].
There are two methods by which alignment statistics are
represented, the first and most common is by simply taking
the mean alignment 〈cos θ〉 of halos binned by mass. Here
we calculate the distribution of the mean using bootstrap
re-sampling to determine the most likely value along with
the 1σ error. We also use the raw dot-product distribution
with a Probability Density Function (PDF) (model) derived
by Lee (2011) from TTT,
P(cos θ) = (1 − c)
√
1 +
c
2
[
1 − c
(
1 − 3
2
cos2 θ
)]−3/2
. (8)
The model takes into account the unit spin vector of struc-
tures and the tidal field in order to quantify the degree of
alignment. It is fitted to the distribution of the alignment
between halo spin and filament axes. The value of the cor-
relation parameter c represents the strength of alignment.
A positive c represents an orthogonal alignment and would
agree with TTT predictions, but a negative c which indi-
cated a parallel alignment to the tidal field is not predicted
by TTT. The spin may also flip from being parallel to or-
thogonal to the tidal field, especially for high mass haloes,
due to mergers, accretion and formation time/entering time
of haloes (Wang & Kang 2017). Figure 3 shows an example
of the alignment to filaments. The PDF model was fitted to
the distribution by constructing a grid in the range c:[-1,1]
with a 10−4 interval to form the likelihood function. The un-
certainty of c represents the values at ∼ ±34% of the area
under the likelihood function (i.e 1σ for a Gaussian distri-
bution) from the mean value.
4 RESULTS
Upon basic inspection of halo quantities for each cosmol-
ogy, we find on average 10% more haloes to be within
φCDMDM at low redshift, compared with ΛCDMDM. For
the DM+Gas simulations we find that coupled cosmolo-
gies (CDE50DM+Gas and CDE99DM+Gas) have the largest
halo quantity discrepancy with ΛCDMDM+Gas of an av-
erage 10% at low redshift. Generally, halo quantities of
masses ≤ 1013.5 M are discrepant across cosmologies and
ΛCDM consistently features the lowest quantity of haloes at
all redshifts, for both DM and DM+Gas simulation suites.
Halo quantity discrepancies across cosmologies may influ-
ence other statistical comparisons made throughout, al-
though this should be encapsulated in signal errors.
4.1 Spin Alignment
TTT predicts that proto-haloes are most susceptible to spin-
up, and post-formation their spins are less likely to be dis-
turbed. Given that each non-standard cosmology’s tidal field
may differ by a perceivable degree, spin-up of haloes may
also differ in turn. This allows spin-filament alignments, as
a function of halo mass for DM simulations, in Figure 4 and
DM+Gas in Figure 5 to detect such cosmological differences.
Both figures are generated in the same manner: As per
Section 3.4, we filter out all haloes (including subhaloes)
within filament regions and take the dot product between
their spin and coinciding filament axes. Then, instead of bin-
ning haloes as a function of mass in equal interval mass bins,
we overlap bins (in what is known as a moving bin) so that
each bin is 90% overlapped by its successive bin. The out-
come is each bin is strengthened in quantity as haloes may
appear within multiple bins, reducing the error of each data
point. By using a moving bin the 1σ error will be correlated
for adjacent bins, but it does not negate any systematic dif-
ferences between alignments that may arise as a result. For
each mass bin of haloes we fit the model (Equation 8) to the
dot product distribution, as per example in Figure 3. We
take a total of 12 mass bins per signal in Figures 4 and 5
where c is plotted at the centre of each bin interval.
Figures 4 and 5 display the alignments for all three
smoothing scales, ordered as 2, 3.5 and 5h−1Mpc from left
to right columns, at the given z which proceeds down the
rows as computed in the range z=0-2.98, although figures
display until z=0.59 and z=1.51 for DM and DM+Gas sim-
ulations, respectively. Given the higher the value of c, the
more orthogonally aligned the haloes are with filament axes,
we see there is a mass dependency whereby higher mass
haloes have stronger orthogonal alignment, for all simula-
tions. We also find there is a smoothing scale dependency for
the DM+Gas simulations: in Figure 5 from z=1.00-1.51 the
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Figure 4. Model-fitted halo spin-filament alignments organized for Rows: top to bottom as z=0, 0.26 and 0.59. Columns: left to right
shows 2, 3.5 and 5h−1Mpc smoothing scales. Colour coded for each DM cosmology. All DM cosmologies show a positive correlation
between c and halo mass, regardless of redshift or smoothing scale.
σs=2h
−1Mpc column shows the strongest orthogonal align-
ment out of the other smoothing scales, then a transition
occurs at z=0.59 and continues until present day where the
σs=5h
−1Mpc shows the stronger alignments.
We reiterate: only haloes with more than 100 particles
are taken into account when calculating the alignments. This
cut-off rules out low mass haloes, thus leaving only high mass
haloes with a positive c (not including eccentric dips below
c=0 line which are attributed to scarcity of haloes within
affected bins). DM + Gas simulations have twice the num-
ber of particles, leading to a significant increase in quantity
of haloes at lower mass scales. Although parallel alignment
(negative c values) is not seen, the alignment uncertainties
are significantly reduced across the redshift range.
Given halo spins are less likely to be disturbed in low
density regions, we filter out haloes which reside on the out-
skirts of voids. We demarcate void regions as simply a dis-
tance threshold from the edges of voids to a particular dis-
tance beyond the void’s edge. We have determined 3 relevant
distance ranges: DV=2.4,2.8 and 3.2 h−1Mpc from void’s
edge (where voids are classified within the σ=2h−1Mpc
smoothing mask), nicknamed short, medium and long dis-
tances respectively shown in Figure 6. Shorter distances than
2.4h−1Mpc result in insufficient haloes for a statistical com-
parison between cosmologies, and beyond 2.8h−1Mpc result
in signals akin to high density regions. Void region signals
in Figures 6 and 7 are organized by the three distances from
voids for each row, as annotated. The signals are calculated
via the first method stipulated in Section 3.4, with 12 moving
bins per signal. The DM+Gas simulations show consistent
discrepancies between φCDM and the fiducial where ΛCDM
haloes at all mass scales have a stronger alignment. This
difference in alignment strength is at a maximum for the
z=0.59 column, at mid-range masses. Within the DM simu-
lations for void regions (Figure 6) the signals are more dis-
crepant across cosmologies as compared with spin-filament
alignment. This may be partially due to the reduced quan-
tity of haloes within each mass bin, increasing the error but
also the fluctuations between cosmologies.
Cosmological signatures are a second order effect, thus
we investigate spin alignment on a smaller and more sen-
sitive scale, between neighboring haloes, which may reveal
unique signatures of non-standard cosmologies. This form
of alignment has been found within simulations (Bailin &
Steinmetz 2005; Trowland et al. 2013) and observations (Pen
et al. 2000; Slosar et al. 2009) but is also predicted by TTT
for haloes within proximity. In order to produce halo spin-
spin alignment, haloes are paired as a function of distance
r: we take the alignment of a halo at position x in Jx with
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Figure 5. Similarly defined as Figure 4. DM+Gas simulations, colour coded by Cosmology for all smoothing scales and redshifts. The
same mass-scale dependency is found for virtually all smoothing scales and at all z, as per the DM alignments. In addition, all alignments
are consistent across cosmologies.
its pair separated by r in Jx+r via the dot product method
as per Section 3.4,
cos θs−s =
 Jx · Jx+r|Jx | |Jx+r |
 (9)
The process to obtain Figure 8 is identical to Section 3.4
thereafter. There are 12 moving bins (with 90% overlap)
for each signal for both DM (right column) and DM+Gas
(left column) simulations. Importantly, we only take halo-
halo and halo-subhalo pairs. Subhalo-subhalo alignment is
complex as they have short time-scale interactions in a
highly nonlinear environment with the tidal field of the halo.
The redshift is organised by rows, ranging from z=0.00-1.00
from top to bottom row. In searching for halo pairs, we re-
stricted the distance range r between pairs to be −0.8 <
log10 [r/(h−1Mpc)] < 0.8, as from log10 [r/(h−1Mpc)] = 0.5
alignment are stable on 0.5, constituting a random alignment
and below log10 [r/(h−1Mpc)] = −0.8 alignments become too
noisy due to scarcity of haloes.
Values residing above 0.5 constitute a parallel align-
ment within Figure 8. DM simulations peak in their paral-
lel alignment for haloes at distances of log10 [r/(h−1Mpc)] =
−0.6 with no significant differences across cosmologies. For
DM+Gas simulations we find that results are noisier due to
the reduction in the number of haloes within each bin but
statistically significant parallel alignment is noticeable at low
redshift. From low to high redshift it is found that parallel
alignments flatten out progressively to random alignment.
4.2 Movement and Migration
From Section 1 we stated the differences found between cos-
mologies by Adermann et al. (2018) were that volumes of
voids were found to be smaller yet emptier in the φCDM
cosmology. This research was conducted using the same
DM+Gas simulation suite we analyze throughout this paper.
Moreover, Watts et al. (2017) uses the same DM simulation
suite and found that there are higher cluster abundances
and lower void abundances within φCDM also. Based upon
these previous findings, we compare the velocities and mi-
gration patterns of haloes to see whether there is a mass flow
discrepancy across cosmologies.
Figure 9 displays the z=0 halo velocity-filament align-
ment 〈cos(θv−3)〉, calculated by taking the mean of each
mass bin as in Section 3.4. We find there is a strong mass-
dependence whereby higher mass haloes display a stronger
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Figure 6. DM simulations model-fitted haloes spin-LSS alignment within void regions organized for Rows: top to bottom as DV=3.2,2.8
and 2.4 h−1Mpc. Columns: left to right shows z=0, 0.26 and 0.59. Color coded as per Figure 4. Haloes on the outskirts of voids show no
signs of cosmological signatures.
parallel alignment. We also find the smoothing scale depen-
dence of low smoothing scale resulting in slightly weaker
parallel alignment that carry on from low to high redshift,
although we omit signals from z ≥0.26 for brevity. We also
looked at the velocity-LSS alignment (not included within
this paper), but did not filter out haloes by filament re-
gions as we did in Figure 9, rather we included all haloes.
We found trends virtually mimicking Figure 10 in that they
are not mass dependant nor are they smoothing scale depen-
dent. We omit such figures from our results as they resemble
Figure 10 which are in fact halo velocity-LSS alignment for
haloes filtered for Dv=3.2h−1Mpc (long distance) void re-
gions. Thus mass-dependence of velocity-LSS alignment is
unique to filament regions only. Note however we do not fit
the model (Equation 8) to the alignments as it is TTT de-
rived for filament axes only, but we take the mean and use
bootstrap resampling for the error, although it bears no sig-
nificance on comparisons made between model-fitted results
as Figure 10 signals would be mass-independent regardless.
We also take the dot product of the spin-velocity
〈cos(θs−v)〉 of filament haloes (left column) and cluster
haloes (right column) displayed in Figure 11. Since the align-
ment of halo spin is largely orthogonal(as per Figures 4 and
5), being more orthogonal for higher masses, and the veloc-
ity is increasingly parallel for higher mass, one would assume
velocity-spin alignment would be strongly orthogonal. But
we find in Figure 11 there is only a weak orthogonal align-
ment which strengthens mildly at the increase of halo mass
for filament-haloes and moreso for cluster-haloes. There is
also a slight increase in the strength of orthogonal alignment
as the redshift increases for both columns, which resembles
the spin-filament alignment trend found within Figure 5.
Tracking the movement of haloes (excluding subhaloes)
from snapshot to snapshot and recording in which LSS
they reside at each time step allows the migration pat-
terns of haloes to be measured and compared across cos-
mologies. We track the migration of z=0 haloes for DM
(top row) and DM+Gas (bottom row) simulations from
z=0 - 2.98 (or until formation time, to be elucidated be-
low) in Figure 12. Each line height (colored by cosmol-
ogy) represents the percentage of total number of haloes
within the particular redshift. We define the LSS type by
fixing the simulation mask to be at z=0 and σs=2h−1Mpc
for each respective cosmology. We then track haloes from
low to high redshift by tracing the progenitors of parent
haloes (using treefrog as elucidated in Section 3.3) and
tally in which LSS they reside at which redshift. We find a
significant difference between the quintessence cosmologies
φCDMDM/φCDMDM+Gas where a higher quantity origi-
nate from filament and cluster regions as compared with
the other cosmologies at zmt ≥1.51. Summarizing the frac-
tions of haloes residing within filaments and clusters, classed
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Figure 7. DM+Gas simulations model-fitted haloes spin-LSS alignment within void regions organized for Rows: top to bottom as
DV=3.2,2.8 and 2.4 h
−1Mpc. Columns: left to right shows z=0, 0.26 and 0.59. Color coded as per Figure 5. φCDMDM+Gas features
a consistently weaker orthogonal alignment, suggesting perhaps an effect of matter evacuating out of voids in distinction with other
cosmologies.
as high density regions, for DM and DM+Gas simulations
seen in Figure 12 further highlights the difference between
φCDMDM and ΛCDMDM especially. Given there are more
haloes found within φCDMDM/φCDMDM+Gas as compared
with ΛCDM, we test whether this higher fraction of haloes
at high redshift is a consequence of a higher quantity of
haloes. We sample the φCDMDM/φCDMDM+Gas halo cat-
alogs such that the mass distribution of haloes emulates that
of ΛCDM, but we find virtually identical fractions as in Fig-
ure 12.
Given that haloes in the quintessence cosmology spend
more time within high density regions, we measure the ef-
fects this may have on halo formation time. There are mul-
tiple definitions of halo formation time (z f t). We define it as
the time when half the total mass of the z=0 halo is acquired
as per Sheth & Tormen (2004), although other similar defi-
nitions have been used (e.g Li et al. 2008). Using treefrog
we identified progenitors by finding the candidate with the
highest merit, as discussed in Section 3.4, until the progeni-
tor, which is at least Mz0/Mz f t ≥ 2, is reached. The top (DM
simulations) and bottom (DM+Gas simulations) panels of
Figure 13 show the formation time z of mass-averaged haloes
(excluding subhaloes as they may gain and lose mass over
time) where the mean and 1σ is taken for each mass bin
via bootstrap resampling. Clearly the trends for all DM and
DM+Gas cosmologies show that higher mass haloes form
later than low mass haloes, in agreement with the likes of
Lacey & Cole (1993); Power et al. (2012); Elahi et al. (2018).
Noticeably the uncoupled quintessence cosmologies (repre-
sented in blue) seem to peak above the rest at 1013.5 - 1014.25
M.
5 DISCUSSION
5.1 Spin Alignment
The spin-filament signal is a widely published alignment cor-
relation which does not fully adhere to TTT predictions at
low halo masses. We find within both DM and DM+Gas
simulations (Figure 4 and 5) at all redshifts and smoothing
scales, there is a mass dependence on the alignment strength.
High mass haloes tend to be orthogonally aligned, thus more
in tune with TTT predictions, whereas low mass haloes are
closer to random alignment. Trowland et al. (2013); Wang &
Kang (2017) have shown, among many others, that low mass
haloes have a parallel alignment (not seen within our signals
as we don’t have the mass resolution after halo particle quan-
tity cut-off, see Section 3.3 for details). Codis et al. (2012)
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Figure 8. Haloes’ average spin-spin alignments as a function of
separation distance. Values above the horizontal dotted line rep-
resent a parallel alignment, and orthogonal alignment for below
0.5. DM+Gas simulations (left column, color coded as per Figure
5) and DM simulations (right column, color coded as per Fig-
ure 4) show strong parallel alignments at close distances and low
redshift, but fade out at high redshift and large separation be-
tween haloes. Cosmological signatures are also missing at these
small-scales.
and Wang & Kang (2017) conclude from simulations that
parallel alignment of low mass haloes is due to their form-
ing at earlier times than haloes at higher mass. In effect, as
they migrate to filaments, already formed, they are less sus-
ceptible than unformed haloes to the tidal field, thus their
spin alignment remains parallel. Wheres high mass haloes
tend to undergo mergers within filaments, which orthogo-
nally aligns their spins with respect to their residing fila-
ments (Welker et al. 2014). Our haloes shown in Figure 13
for all cosmologies experience a mass dependency whereby,
high mass haloes form later than low mass haloes, thus al-
lowing them to be influenced by the filament’s tidal field
and which in turn strengthens their orthogonal alignment.
This reaffirms the notion that formation time has a signif-
icant influence on spin-filament alignment (Wang & Kang
2017; Welker et al. 2014; Codis et al. 2012). These figures
show that alignments resulting from gravitational torques
are to first order, not significantly affected by changes to
dark sector physics. Although, haloes within φCDMDM do
form earlier than their counterparts within other cosmolo-
gies to be further discussed within Section 5.2.
Smoothing our simulations to various scales leads to dif-
ferent classifications of the cosmic web due to its hierarchical
structure (noticeable in Colless et al. (2001)). Within Section
4.1 and Figure 5 we highlighted the smoothing scale-based
trend whereby low redshift haloes are stronger in orthogo-
nal alignment at 2h−1Mpc smoothing and gradually decreas-
ing up to 5h−1Mpc, but at high redshift (from z=1.00) this
trend reverses. We can conclude that haloes, being stronger
aligned to smaller filaments at early times and larger fil-
aments at late times, provide a strong indication of the
growth of filaments (width-wise) over time, in agreement
with Trowland et al. (2013). Inspecting cluster haloes (plots
were omitted for brevity), we find a distinct trend whereby
σs=2h
−1Mpc remains the dominant scale at which orthogo-
nal alignment is strongest for all redshifts. We emphasize
that non-standard cosmologies also mimic the smoothing
scale trends highlighted within Figure 5 which is a testament
to the small effects non-standard dark sector physics have on
halo spin-filament alignment and LSS evolution. Although,
there are noticeable differences in the individual signals of
non-standard cosmologies, as compared with ΛCDM, which
can be traced back to the differing dark sectors (as all sim-
ulations had the same density perturbation phases and due
to the size of the simulation box, cosmic variance would be
insignificant) but tracing back such fluctuations may not be
worthwhile as they are unsystematic and inconsistent to be
uniquely characterized.
High density regions such as clusters, filaments and
sheets are regions where haloes are most susceptible to non-
linear physics such as mergers and accretion. As described
within Section 4.1, we filter out haloes depending upon their
proximity to voids and observe the spin alignment with the
local tidal field. Figure 6 alignments largely mimic those
of high density regions, whereby at higher halo masses and
redshift, alignments are strongly orthogonal, for all void re-
gion distance ranges. There is a significant difference be-
tween φCDMDM and other cosmologies at Dv=2.4 h−1Mpc
for z=0.59 shown in the bottom right panel, also within the
middle panel, but differences are inconsistent and difficult
to characterize. Within the DM+Gas simulations (Figure
7) we identified ΛCDMDM+Gas as consistently stronger in
orthogonal alignment compared with φCDMDM+Gas. They
are maximally different at log(M) ≥ 13.5 for z=1.00 at long
distances. This could be a signature of the varied evacuation
rate of particles out of void regions for φCDMDM+Gas (sug-
gested by Adermann et al. (2017)) which lead to a disruption
in the tidal field e3, thus weakening the halo-LSS alignment.
Halo spin-spin alignments are also predicted by TTT
to be parallel aligned at close enough distances, thus differ-
ing tidal fields could produce differing alignments between
haloes. We use halo spin-spin as a probe of cosmology as sig-
natures could arise from distinct spin-up from tidal fields of
non-standard cosmologies. Figure 8 shows some strong align-
ment between haloes at distances of log10 [r/(h−1Mpc)] < 0
for DM simulations (right column) and log10 [r/(h−1Mpc)] <
−0.4 for DM+Gas simulations (left column) at low red-
shift. As we proceed to higher redshift for DM simulations,
the parallel alignment gradually fades, becoming completely
random at z=1.00. We take these alignments (Figure 8)
without filtering by LSS type, but if we filter out for fila-
ment haloes or haloes within void regions (plots are omit-
ted for brevity) we see much weaker alignment signals, with
little difference between individual cosmologies for DM or
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Figure 9. Present day DM+Gas simulations, halo velocity-filament alignment as shown for σs=2, 3.5 and 5h
−1Mpc smoothing, from left
to right. Color coded as per Figure 5. Similar to Figure 8 in that random alignment falls at 0.5, parallel and orthogonal alignment falls
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Figure 10. Velocity-LSS alignment for haloes on the outskirts
of voids at DV=3.2h
−1Mpc. Color coded as per Figure 5. The
signals are not mass dependent although still maintain a parallel
alignment across redshift.
DM+Gas simulations. Since these alignments are largely
found at small scales within FoF haloes (Trowland et al.
2013), we speculate that the clustering of small haloes (sub-
structure) within high density regions begins at later times
z < 1.00, so it is only then that haloes are within range
for tidal interactions to generate parallel spin alignments.
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Figure 11. Halo spin-velocity alignment signals for z=0, 0.26
and 0.59 from top to bottom. Color coded as per Figure 5. There
is a weak orthogonal alignment between a halo’s spin and veloc-
ity vectors for haloes within filaments (left column) and clusters
(right column).
This would explain the random alignment of haloes at high
redshift.
5.2 Movement and Migration
Strong parallel alignments of halo velocity-filament hint that
haloes are streaming down filaments, in agreement with
Trowland et al. (2013) findings. High mass haloes display
stronger parallel alignment (Figure 9) which reaffirms the
notion of these haloes forming within filaments. As such,
strong velocity alignments (compared with low mass haloes)
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are an indication that haloes experience mergers and accre-
tion along the direction of their respective filament axes.
The alignment between halo spin and velocity (for
haloes residing within filaments) displayed within Figure 11
shows a considerably weaker alignment than expected, given
the high strength of parallel alignment between velocity and
filaments, and the orthogonal alignment between spin and
filaments. We do not see the systematic shift towards or-
thogonal alignment at higher redshift which is generally seen
for other filament halo alignments. Despite massive haloes
becoming increasingly orthogonally aligned with decreasing
redshift. This shows tentative evidence that regardless of
filament axes, a haloes’ spin will be aligned (orthogonally)
with its velocity, purely based on the mass of the halo. This
is reaffirmed by the cluster haloes in Figure 11 having a
mass dependency. Perhaps it is not only within filaments
but all LSS that mergers and accretion realigns halo spins
with their LSS axes.
Once again we extend our search for cosmological signa-
tures to the outskirts of voids, as shown in Figure 10, where
haloes are less likely to be disturbed. Within the outskirts
of voids, the velocity alignment to e3 is no longer mass de-
pendent; but is still somewhat parallel aligned. This is not
unique to void region haloes but is common within all LSS,
barring filaments. Nevertheless we find no unique cosmologi-
cal signatures within velocity alignment analysis despite the
differing LSS evolution with φCDM concluded by Adermann
et al. (2017); Watts et al. (2017).
There is a clear formation time difference between
ΛCDM and φCDM for both simulation suites (in Figure 13).
Moreover, the quintessence cosmology finds that a higher
fraction of haloes to be within high density regions at high
redshift (Figure 12). These two discrepancies could be as-
sociated in the form of an assembly bias for quintessence
haloes. This is speculative as although Watts et al. (2017)
concluded higher cluster abundances within the DM simu-
lation suite, it is unknown whether this higher clustering is
significant enough to cause bias without further investiga-
tion.
It is possible the earlier formation of haloes within
φCDM is due to an influx in mergers and accretion. On the
basis of a higher merger rate (which is also environmentally
dependant Jian et al. 2012) it is possible that cosmologies
could be distinguished as mergers are thought to influence
galaxy properties such as star formation rate, colour and
morphology (Toomre & Toomre 1972).
The quintessence scalar field drives matter out of void
regions into higher density regions at an increased rate. This
extra force, with respect to ΛCDM, would be expected to
also accelerate the formation of haloes as seen in Figure 13,
produce more haloes which explains why a larger fraction
of haloes migrate from relatively higher density regions as
compared with ΛCDM. Interestingly, with regards to the dis-
crepent migration of haloes for φCDMDM, the trend is not
mimicked by φCDMDM+Gas which further begs the ques-
tion, are these differences in a quintessence cosmology ob-
servable?
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Figure 12. The top and bottom panels are for DM and DM+Gas
suites, respectively. Each line tracks the percentage of haloes re-
siding within high density regions which are defined as clusters or
filaments. φCDMDM shows a significant amount of haloes migrat-
ing to z=0 from high density regions compared with ΛCDMDM
and ΛWDMDM haloes.
6 CONCLUSION
We have compared halo statistics over the redshift range
z=0.00-2.98 between ΛCDM cosmology and five non-
standard cosmologies: two from DM only simulations,
ΛWDMDM and φCDMDM, and three from hydrody-
namical simulations, φCDMDM+Gas, CDE50DM+Gas and
CDE99DM+Gas. Specifically, the statistics we compared, in
an effort to distinguish non-standard cosmologies, are halo
spin/velocity alignment between LSS and between neighbor-
ing haloes, halo formation time and the spatial migration of
haloes across various LSS.
Firstly, we find that a higher percentage of z=0
φCDMDM haloes originate from filament and cluster re-
gions as compared with ΛCDMDM and ΛWDMDM by as
much as 10 percent of the total population at high red-
shift. Migration differences of haloes between cosmologies
would suggest a differing evolution history of LSS and/or
of the rate of matter flow between LSS. By the same to-
ken we find that φCDMDM haloes form earlier than their
counterparts within the other DM cosmologies. These two
findings may have some relation: perhaps haloes are spend-
ing more time within high density regions and are form-
ing more rapidly within the φCDMDM cosmology. Crucially
Watts et al. (2017) compared the same DM simulation suite
as used for this investigation and find there are clear dis-
tinctions between φCDMDM and concordance. Specifically,
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they conclude that there are higher cluster abundances and
lower void abundances within φCDMDM, which are char-
acteristically different from tweaking ΛCDMDM cosmolog-
ical parameters. With regards to the DM+Gas simulations
analysed in this investigation, we find a weaker fraction dis-
crepancy of φCDMDM+Gas halo migration at high redshifts,
although φCDMDM+Gas haloes form significantly earlier
than the fiducial cosmology similarly to φCDMDM. It could
be beneficial in future work to measure clustering and the
merger rate of haloes for DM simulation suite in order to
quantify any differences between cosmologies that might
exist and determine whether there is an assembly bias in
φCDM.
In light of the first conclusion, we expected there would
be some discrepancy between halo spin-filament alignment
for φCDMDM haloes. Despite TTT predictions of unformed
haloes being susceptible and spun-up by the tidal field, the
distinct formation times of φCDMDM haloes and their evolu-
tionary pathway, we still find that they are in full agreement
with ΛCDMDM halo alignments. We find for all cosmologies
(DM and DM+Gas simulations) the alignment of spin with
filament axes has a mass dependency. That is, high mass
haloes have a stronger orthogonal alignment than low mass
haloes. This suggests that low mass haloes, having formed
earlier than high mass haloes, are less susceptible to the
tidal field within filaments. High mass haloes having been
found to form later, merge and accrete along the filament
axes, flipping and/or strengthening their orthogonal align-
ment. High redshift alignments are systematically stronger
(orthogonally) at low smoothing scale, whereas at low red-
shift they are stronger at high smoothing scale. Given that
stronger orthogonal alignment of spin with a filament axis
suggests a better defined filament, we conclude that fila-
ments are growing, width-wise, over time. Finally, we inspect
low density regions of our simulations as high density regions
are highly non-linear. Halo-spin alignment within low den-
sity regions show little cosmological differences, albeit they
are noisier due to a scarcity of haloes. In summary we do
not find any cosmological signatures within spin-LSS align-
ments.
TTT predicts that haloes within proximity should hold
some parallel alignment between their spins. We find these
halo spin-spin alignments to be consistent across cosmologies
as found within spin-filament alignments. We find no sys-
tematic differences between cosmologies, although there are
noteworthy discrepancies between the halo spin-spin align-
ment distributions.
In future work, higher resolution simulations on the or-
der of 10243 particles could be beneficial in this case as cos-
mological signatures, being imprinted on halo spins, are a
second-order effect. Thus a more in-depth investigation will
be the nature of future work on seeking cosmological signa-
tures of non-standrard cosmologies.
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